This article summarises work that has been undertaken to compile the New Zealand Strong Motion Database, which is intended to be a significant resource for both researchers and practitioners. The database contains 276 New Zealand earthquakes that were recorded by strong motion instruments from GeoNet and earlier network operators. The events have moment magnitudes ranging from 3.5 to 7.8. A total of 134 of these events (49%) have been classified as occurring in the overlying crust, with 33 events (12%) located on the Fiordland subduction interface and 7 on the Hikurangi subduction interface (3%). 8 events (3%) are deemed to have occurred within the subducting Australian Plate at the Fiordland subduction zone, and 94 events (34%) within the subducting Pacific Plate on the Hikurangi subduction zone. There are a total of 4,148 uniformly-processed recordings associated with these earthquakes, from which acceleration, velocity and displacement time-series, Fourier amplitude spectra of acceleration, and acceleration response spectra have been computed. 598 recordings from the New Zealand database are identified as being suitable for future use in time-domain analyses of structural response. All data are publicly available at http://info.geonet.org.nz/x/TQAdAQ.
INTRODUCTION
The main objective of the New Zealand Strong Motion Database is to provide users of strong motion data, both in the research and consulting communities, with consistently determined data of the highest possible quality. This article details the methods used to calculate the source and path parameters for large New Zealand earthquakes that occurred between 1968 and 2016, as well as detailing the record processing and associated ground motion intensity variables. The methods adopted to calculate quantitative subsurface information at GeoNet strong motion sites are discussed in the companion article of Kaiser et al. (2016) [1] . The intent of this article is to provide potential users of the database with comprehensive documentation, such that it is possible to independently evaluate the suitability of the database for a given analysis. While there have previously been large, nationwide collations of strong motion data in New Zealand for the purposes of ground motion modelling ( [2] [3] [4] ), this database is the first in New Zealand that is publicly available and fully documented.
The primary source parameters provided in the database are the seismic moment magnitude (M w ), preferred location, origin time, focal mechanism, and tectonic classification (e.g. crustal, subduction interface or subducted slab). Where available, published models of an earthquake's co-seismic slip distributions have been prepared and supplied in a common electronic format.
Additional information on the seismic wave propagation path is also provided, including focal depths, hypocentral distances and epicentral distances. Distances to the rupture surface, such as the depth to the top of the rupture (Z TOR ), the closest Cartesian distance between the recording site and the rupture (R rup ), and the Joyner-Boore distance (R JB ) have also been defined. These distances are measured with respect to a fault geometry model, where available. For smaller magnitude events, these quantities are calculated with respect to an inferred fault plane.
All of the 4,148 seismic records in the database have been visually examined for quality and manually processed. The main objective of the strong-motion processing is to allow the data to be used for subsequent engineering analysis, by correcting for the response of the instrument and reducing the effect of noise in the signal. From the processed time-series, Fourier amplitude spectra of acceleration and acceleration response spectra have been pre-calculated. The resultant database is openly available at info.geonet.org.nz/x/TQAdAQ. Note that the processed accelerograms are different from those found at GeoNet's collection of strong motion data (ftp.geonet.org.nz/strong/processed/Proc), due to the reprocessing of data in this study.
It is intended to periodically update the source and waveform databases when new earthquake data becomes available. Additionally, the data associated with older events may be reanalysed as seismological analysis techniques are improved.
SOURCE INFORMATION

Selection of Events
The selection of events to include in the database required some decisions on data quality. Strong motion database development is a trade-off between quality and quantity. Including low quality data increases the sample size, but has the shortcoming that inferences from the data are not necessarily robust. In this study, it was preferred to apply a minimum standard for data quality. For example, one key criterion was that for an event to be considered, it must have an M w that is derived from the seismic moment, rather than inferred from correlations with other magnitude measures. In general, events were also required to have a minimum of three usable recordings, but this criterion was occasionally relaxed for older events in the database. Older events tend to be poorly recorded and located, but they were included in the database if they were considered to be potentially informative datasets.
Given these criteria, this database is not intended to be a complete representation of all large events to have occurred in New Zealand, and is only a selection of well-recorded events that are suitable for modelling of ground motion. However, it was endeavoured to include the majority of earthquakes with M w greater than 5.
Calculation of Magnitudes and Associated Uncertainty
Earthquake magnitudes are useful for quantifying the rupture size or the energy released by an earthquake. There are many different types of earthquake magnitude. For most engineering purposes, the magnitude of interest is the moment magnitude, M w , which is related to the total rupture area and the amount of slip that occurred in the earthquake. M w is typically calculated from the seismic moment, M 0 , using the equation from Kanamori (1977) [5] (1) where M 0 has units of Nm. M 0 can be calculated using a number of different inversion approaches and datasets, and can have variability even for the same earthquake. Kagan (2002) [6] investigated the difference in M w values calculated from nine different catalogues in California, and found systematic differences between some catalogues, and in some cases, significant scatter. The uncertainty in M 0 , and therefore M w , can affect subsequent analyses of the dataset, hence some effort has been made to quantify this uncertainty for New Zealand earthquakes.
A systematically-calculated national catalogue of M 0 for New Zealand earthquakes is not available for events before 2003. For events before 2003, M 0 values were calculated either by special studies, or from a global database. The M 0 values in the database are therefore collated from a number of different sources. For example, 17 events in the database between 1968 and 1993 have M 0 values calculated in special studies using waveform modelling of teleseismic data (e.g. [7, 8] ). The introduction of the Global Centroid Moment Tensor (CMT) catalogue in 1976 (formerly known as Harvard CMT solutions; [9] ) provided an additional source of M 0 values for many large events, again calculated using teleseismic data. Estimating moment tensor solutions from regional data was not feasible before 2003, due to the sparse seismograph network [10] . Since the introduction of GeoNet (www.geonet.org.nz), the denser seismograph network in New Zealand has enabled the calculation of regional moment tensor (RMT) solutions, and subsequently GeoNet have provided a large catalogue of RMT solutions [11, 12] from 2003 onwards.
In some cases, more than one M 0 value is available for the same event. Previous studies have examined the differences between methods of calculating M 0 (and therefore M w ) in New Zealand. Dowrick and Rhoades (1998) [13] compared locallydetermined M w values with Global CMT values, finding no systematic differences but a standard deviation of 0.08 magnitude units. Ristau (2009) [14] found no significant difference between M w calculated using RMTs and Global CMTs for 25 events that occurred between 2003 and 2008, however this comparison is revisited in this study, given the many large earthquakes in New Zealand between 2009 and 2015. Figure 1 shows the difference between the two catalogues for 52 events. There are two features from this plot that warrant discussion. Firstly, the Global CMT M w values are clearly larger than GeoNet RMT M w s where the GeoNet M w is less than 5.0. It is unclear what causes this discrepancy, given that the two solutions analyse different frequency bands, although it is likely that the GeoNet RMT is derived from a stronger signal. Secondly, the scatter in the calculated M w values from the different catalogues appears to increase with magnitude. This observation contrasts with the M w uncertainties assigned in the NGA-West2 database [15] , which tend to give smaller 'statistical uncertainty' in M w (i.e. standard deviation of good-quality published values) with increasing magnitude. However, given that there are few data at large magnitudes, a magnitude-independent standard deviation of 0.06 magnitude units (determined from the residuals of the linear model in Figure 1 , for magnitudes greater than 5.0) has been adopted for simplicity.
None of the catalogues publish uncertainties with their own calculated M w values, as this is difficult to calculate using current methods. However, to acknowledge the uncertainty in M w , the following decisions have been made for the New Zealand Strong Motion Database:
 to assign M w values for each event:
o where more than one M w value is available, the average value is taken; and, o for magnitudes less than 5.0, M w is taken from the GeoNet RMT catalogue, as this is deemed to be the most reliable solution.  to assign a standard deviation value:
o events before 2003, where only a single locallydetermined M w or Global CMT solution is available, are assigned a standard deviation of 0.15; o events after 2003, where only a single RMT or Global CMT is available, are assigned a standard deviation of 0.1; o for events where both a locally-determined M w from special studies and a Global CMT M w are available, the standard deviation is 0.08 magnitude units (the value given in [13] ); and, o if events have both a regional and global moment tensor solution available, the standard deviation is 0.06.
These standard deviation values are of a similar order to those defined in Rhoades (1997) [16] . Propagating the magnitude uncertainty into empirical ground-motion models influences the model parameters and the overall model uncertainty, and can have a large influence on seismic hazard estimates at low probabilities of exceedance [3, 16, 17] . The online files for the New Zealand database contain references showing where the
Figure 1: Comparison of GeoNet RMT M w and Global CMT M w for all New Zealand earthquakes since 2003, where a value is available from both catalogues.
M w values were obtained. Figure 2 shows a histogram of moment magnitudes for all the events in the database.
Figure 2: Magnitudes in the database.
Focal Mechanisms
Each event in the database has a published moment tensor solution. The moment tensor solutions are obtained from the GCMT catalogue and the GeoNet RMT catalogue. In general, these catalogues agree well with each other. In the case of multiple solutions, the preferred solution (generally the GeoNet RMT solution) has been indicated in the database source table. For the 276 events in the catalogue, 79 of the events have strike-slip mechanisms, 65 are reverse, 27 are oblique, 48 are normal, while for 57 events, the mechanism could not be determined from the moment tensor. This is illustrated in Figure 3 . However, while the mechanism can be determined for almost 80% of the events, a preferred orientation of the actual fault plane has been indicated for only 87 of the 276 events, 32% of the events. For these events, the rake angle is provided.
Figure 3: Summary of focal mechanisms in the database.
Event Locations
Research has shown that using high-quality earthquake source locations improves subsequently-developed ground motion models, particularly for short-period response spectra [18] . As such, effort was made to obtain the best quality locations. Earthquake locations in New Zealand tend to be poorly constrained, particularly for older events in the database. The hypocentral locations for the 276 events in the database have been determined using a number of methods. In most cases, more than one solution is available for each event. There are three existing catalogues from which earthquake locations are determined: special studies, the standard GeoNet catalogue [19], a relocated New Zealand catalogue between 2001 and 2012 [20] , and the International Seismological Centre (ISC) catalogue [21] . Additionally, all events in the database were relocated as part of this study, using a probabilistic, nonlinear source location algorithm called NonLinLoc [22, 23] .
The special studies catalogue mainly applies to the older events in the database e.g. [7, 8] . These studies used P and SH body-wave modelling to derive focal mechanisms, then the depth was fixed at the minimum misfit solution before relocating the event using regional and teleseismic data. The locations provided in the standard GeoNet catalogue were determined by GeoNet (and earlier by DSIR) using a variety of approaches. For events before 1987, the locations were determined using software known as LOCAL [24] , in conjunction with three 1D velocity models for different locations around New Zealand. Between 1987 and 2012, events were located using the GROPE technique within the Caltech-USGS Seismic Processing (CUSP) system, using updated 1D velocity models. Since 2012, GeoNet now use two techniques to locate events, the LocSAT program [25] in conjunction with the IASPEI91 1D reference earth model [26] , and the NonLinLoc algorithm in conjunction with the New Zealand 3D velocity model [27] . Only local and regional data are used by GeoNet to derive the locations in their catalogue. Full details on GeoNet locations can be found on the GeoNet website [28] . A separate catalogue of relocated seismicity, by Reyners et al. (2011) [20] , uses the simulPS algorithm [29, 30] within the New Zealand 3D velocity model. The final catalogue used for the database, the ISC catalogue, uses regional and global data to locate events using the ak135 velocity model [31] , and a linearised inversion algorithm [32] .
To supplement these catalogues, and improve location estimates for older events in the New Zealand Strong Motion Database, all events in the database were relocated using local data and the New Zealand 3D velocity model, applying the NonLinLoc algorithm.
The preferred location (in the opinion of the authors) was then selected from all of the alternative solutions. While it is difficult to ascertain the most likely location of an event, the locations from the special studies were preferred over other methods, typically followed by a preference for the 3D relocations derived using the simulPS algorithm. In general, locations of nearly all offshore earthquakes are poorly constrained, as are locations for events occurring before the development of the GeoNet seismometer network in 2001.
Tectonic Classification
Crustal, subduction interface and intra-slab earthquakes are usually treated separately in ground-motion prediction models. These categories of earthquakes may have different source characteristics, and the seismic waves may have very different travel paths. The separation of events into these categories is largely based on expert judgement. In general, when the event is located away from the Hikurangi and Fiordland subduction interfaces, it was simple to classify these events as being in the seismogenic zone of the crust. The boundary between the upper crust and the mantle can be approximately defined as the depth where the P-wave velocity is equal to ~8.5 km/s. The only crustal events in the database that approach this depth are in the Manuwatu-Whanganui region, and most crustal events are significantly shallower than this boundary.
Near the interfaces of the Hikurangi and Fiordland subduction zones, it is more difficult to classify events as being in the overlying crust, on the subduction interface or in the subducting crust. However, a number of tools were utilised to help with correctly classifying these events. For events around the Hikurangi subduction interface, all event location solutions were compared to the Hikurangi subduction interface model of [33] , along with all of the relocated seismicity from 2001-2012 [20] . These locations were examined together with the focal mechanism, and judgement was then used to decide on a preferred event classification.
Figure 4: Plots used to determine preferred earthquake location and subsequent tectonic classification in the North Island, with the 1993 Tikokino earthquake as an example. This is a slice of the New Zealand velocity model [27], with the Williams et al. (2013) [33] Hikurangi subduction interface model indicated as a black line, and relocated seismicity between 2001 and 2012 [20] as grey circles. Different hypocentre solutions are: GN = GeoNet catalogue, ISC = International Seismological Centre catalogue, NLL = NonLinLoc solution and BWM = body wave modelling. The focal mechanism (plotted as an upper hemisphere) is a shallow-angle oblique thrust with similar strike to the Hikurangi margin. In this instance, the BWM solution [8] was selected as the preferred location, and the event was considered likely to have occurred on the subduction interface.
Refer to the example shown in Figure 4 . In this case, it is rather unclear from the event locations whether this particular event is on the interface, just above in the overlying crust, or in the subducted crust. However, the mechanism shows a shallow-angle thrusting event with similar strike and dip to the Williams et al. (2013) model, which suggests that this event is likely to have occurred on the subduction interface. [35] . In general, the event locations are also less reliable in Fiordland, due to the sparse seismometer network in that region, so more emphasis is placed on the focal mechanism to determine the tectonic classification. An example of the M w 7.3 Fiordland event in 2003 is shown in Figure 5 . Although the event locations are rather scattered, the strike and dip of reverse/oblique mechanism indicates that this event was likely to have occurred on the plate interface.
In many cases, the evidence for the tectonic classification was not compelling. While the assigned classifications are uncertain and should be considered indicative only, the classifications have been selected based on the best available information to the authors at the time of writing. The tectonic classifications in terms of hypocentral locations are shown on the map in Figure 6 , while Figure 7 shows the percentage of total events and total recordings corresponding to each classification. 
MODELS OF RUPTURE SURFACES
Published Source Models
For large earthquakes, defining the rupture surface is important for deriving source-to-site distance metrics. While moment tensor solutions define the focal mechanism with two possible orthogonal fault planes, the orientation and size of the true rupture area needs to be determined using other methods. The fault geometry and orientation can be obtained from observed surface rupture, by inverting for the co-seismic slip distribution using either seismic or geodetic data, or by observing aftershock distributions.
Three earthquakes in the database have observed, onshore, surface ruptures: the 1968 Inangahua earthquake, 1987 Edgecumbe earthquake and the 2010 Darfield earthquake. Both the Edgecumbe and Darfield events had complex geometries, with the Edgecumbe earthquake having eleven observed segments rupturing the ground surface [38] , and the Darfield earthquake having three distinct right-lateral segments in the surface rupture [65] . In the Inangahua event, surface rupture was observed in numerous locations, and the event had a complex source-time function, which also suggests multi-segment rupture [36] .
Twelve earthquakes have co-seismic slip distributions, determined either by inverting seismic waveform or geodetic data, or both. For the cases where more than one model of the slip distribution was available, the merits of alternative models were examined in detail before the selection of a preferred model. For earthquakes where a preferred co-seismic slip distribution model is available, a web repository of the slip distribution files has been created at info.geonet.org.nz/x/TQAdAQ. All of the rupture models are provided in a common file format. Although the Inangahua and Edgecumbe earthquakes also have slip models determined from geodetic data [36, 38] , these are not well constrained by data and hence are not provided on the web repository.
Fifteen earthquakes have fault dimensions that have been approximated from aftershock distributions. These approximate dimensions have been extracted from special studies, which are indicated in the references in Table 1 .
To summarise, a total of 30 earthquakes in the New Zealand Strong Motion Database have either a published slip model, or published fault geometry. Table 1 shows the following variables from these events: strike angle; dip angle; rake angle; depth to the top of rupture (Z TOR ); fault length (L); fault width (W); the top centre latitude; and, the top centre longitude. However, due to the multi-segment ruptures of the Edgecumbe and Darfield earthquakes, no length, width, or top centre co-ordinates are given for these events, and the strike, dip and rake angle correspond only to the dominant fault segment. For the complex rupture of the 13 June 2011 Christchurch earthquake [60] , no fault dimensions are given. The full source models for these events can instead be found at the web repository.
Inferred Fault Geometries
In addition to the 30 earthquakes with 'known' fault plane orientations and dimensions, we have indicated a preferred fault orientation for 57 other events. These preferred orientations are mostly for earthquakes that were deemed to have occurred on a subduction interface, as well as events where a given fault plane orientation is preferred based on regional tectonics. For the remaining events, no preferred fault orientations are indicated.
For the events where the fault dimensions are unavailable, indicative fault geometries have also been provided. Firstorder estimates of fault dimensions are inferred from M 0 and an assumed value for the stress drop , using the relation of Eshelby (1957) [66] , for the case of a circular crack in a homogeneous, elastic, Poissondium with uniform stress drop:
where r is the source radius. M 0 values are available for all events, but  values are difficult to determine and observational studies tend to exhibit very large variability. In this study, average  values for various tectonic settings have been used in equation (2) . The stress drop for each earthquake may differ significantly from this value, hence the purpose of the following values are only to provide a first-order estimate of the source dimension. For crustal events, a value of 5 MPa has been adopted, which is an average value for events in Canterbury [67] , the Edgecumbe earthquake [68] and aftershocks of the Arthur's Pass earthquake [69] . The same 5 MPa value is adopted for subduction slab events, based on the observations of Hikurangi slab events by Reyners et al. (2010) [37] , although recent work using an different method shows that stress drops for events around the Hikurangi Margin may average around 10 MPa [70] . For subduction interface events, a value of 2 MPa has been adopted, which is an average value determined for global subduction interface earthquakes [71] . For all of the events with inferred fault geometries, the hypocentre is assumed to be located in the centre of the fault plane.
DISTANCE METRICS
In addition to focal depth (h), epicentral distance (R epi ) and hypocentral distance (R hyp ), the following finite-fault distance metrics are provided in this database:
 The rupture distance, R rup , defined as the shortest Cartesian distance between the recording site and the modelled fault.
 The Joyner-Boore distance, R jb , defined as the distance between the recording site and the surface projection of the ruptured area. Schematic examples of R x , R y and Z TOR are shown in Figure 8 . This figure is adapted from Chiou and Youngs (2008) [72] . For the 12 earthquakes with an available co-seismic slip distribution, the rupture areas are trimmed such that the model only includes areas with more than 50 cm of slip. The finitefault distance metrics are then calculated from the trimmed fault plane. This is the same procedure that was adopted for the NGA-West2 database [15] , and its purpose is to acknowledge that patches with little slip are unlikely to radiate large quantities of energy. For the 1968 Inangahua and 1987 Edgecumbe earthquakes, finite fault distances are calculated relative to published single-segment geodetic source models [36, 38] , although there is considerable uncertainty in these values. Dowrick and Sritharan [73] calculated R rup for Inangahua earthquake records relative to the geodetic slip model, and while their exact values could not be reproduced in this study, the R rup values calculated in this study are mostly within 1-2 km.
Figure 8: Schematic example showing calculation of variables R x, R y and Z TOR (adapted from Chiou and Youngs, 2008).
For events where no preferred fault plane is available, the R rup and R jb values are taken as the average distances from the two orthogonal fault planes, determined using the circular crack models described earlier. However for these events, no R x and R y values are provided. For the earthquakes with ruptures consisting of multiple segments, R x and R y are calculated relative to closest segment. A comparison of the finite fault distances R rup and R jb to the hypocentral and epicentral distances respectively is shown in Figures 9a and 9b . Note that occasionally, R jb is greater than R epi . This is an illustration of the uncertainty in earthquake location, where the inverted slip distribution is in a different location to the preferred hypocentre. The M w -R rup distribution of the records in the database is shown in Figure 10 .
The final distance measure provided in the database is the volcanic path distance, R vol , which is a variable that has traditionally been included in New Zealand ground motion models. To define the boundary for the Taupo Volcanic Zone (TVZ), the 'whole TVZ' model of Wilson et al. (1995) [74] was used, based on the recommendations of Cousins et al.
(1999) [75] . Due to uncertainties in the depth extent for the whole TVZ model, this variable is only provided for events with focal depths less than 40 km, and is set to zero otherwise.
The provided distance measures are likely to be the most uncertain variables in the database. Absolute earthquake locations still tend to carry a lot of uncertainty, although the New Zealand velocity models, seismometer station spacings and the earthquake location methods are continually improving. It is difficult to provide meaningful statistical uncertainty measures for the distance variables, due to the problem of quantifying uncertainties in the velocity model. Hence no indications of distance uncertainty have been provided as part of this database. The distance uncertainties should be considered when analysing this database.
RECORD PROCESSING
In addition to calculating metadata related to the source and wave-propagation path, a database of uniformly-processed recordings has been developed. This is generally the most challenging task of database development, primarily due to the sheer volume of strong-motion accelerometric data currently available, and its highly variable quality. At the time of writing, the GeoNet strong-motion catalogue consists of nearly 70,000 recordings, beginning in 1966. In this study, strong motion recordings from this catalogue have been visually examined to remove low-quality recordings, and individually processed to remove any noise that is contaminating the signals. This analysis results in a database of 4,148 highquality New Zealand strong-motion recordings.
The majority of the records have been collected since the introduction of GeoNet in 2001, as illustrated in Figure 11 . While there were many significant events between 1968 and 2001, they tend to be poorly recorded due to the sparse network during this time period, and the lower quality of instruments. More than half of the data are recorded on the now-obsolete Etna instruments ( Figure 12 ). The Basalt, EpiSensor and CUSP instruments collectively contribute around 35% of the recordings, and the remaining data are from older models operated prior to the introduction of GeoNet.
The processing of the records for the New Zealand Strong Motion Database differs from standard GeoNet processing [76] . The flowchart in Figure 13 summarises the differences between the two methods. Both methods take a 'Volume 1' recording as the input, which is the terminology for a digitised, uncorrected acceleration recording, and output a 'Volume 2', corrected recording. This terminology was introduced in the 1970s from Caltech data processing [77, 78] . While the Volume 1 records are usually referred to as 'uncorrected', in reality some processing has been applied to these records. 
Figure 12: Proportion of recordings corresponding to each instrument type (excluding scratch plate data). Details of each instrument type can be found on the GeoNet website.
To obtain Volume 1 data, any baseline shifts in the raw accelerograms are removed and, where necessary, the data are converted to units of acceleration (mm/s 2 ) by removing the static sensitivity values. As part of the New Zealand Strong Motion Database project, the processing from raw accelerograms to Volume 1 files was not changed, but each step of the standard GeoNet Volume 1 to Volume 2 procedure was reviewed and tested. Findings of the reviews and descriptions of the changes from the standard GeoNet processing are detailed in the remainder of this section.
Removal of Mean
The first alteration to the standard GeoNet processing is with the mean-removal procedure, which currently removes the mean of the entire acceleration trace. This has now been changed to allow selection of pre-event windows, if available, from which the trace mean is removed. The reason for this alteration is to ensure the velocity and displacement traces start at approximately zero, and to retain the asymmetric character of some near-fault acceleration signals (e.g. onesided velocity pulses).
Zero Padding
The standard GeoNet processing uses an acausal (zero-phase) filter to remove low-frequency noise, and the use of acausal filters result in long filter transients appearing in the time domain. The duration of the filter transient depends on the sharpness of the high-pass filter's frequency response. Before using acausal filters, acceleration signals must be zero-padded in the time domain to account for the filter transient, to ensure correct computation of velocity and displacement waveforms. For the standard GeoNet processing, Hodder (1983) [76] adds five seconds to the start and end of all processed time-series (i.e. a total of ten seconds). Converse & Brady (1992) [79] and Boore (2005) [80] suggest that the length of zero-padding should equal to:
where T zpad is the zero-pad length in seconds, nroll is the filter roll-off parameter of a Butterworth filter (equal to half of the filter order) and f c is the filter high-pass corner. Boore (2005) [80] also suggests that the zero pads should be retained in the processed Volume 2 files, for the distributed acceleration, velocity and displacement time-series to be compatible. For some strong-motion recordings, equation (3) leads to very long pre-event zero pads (e.g. nroll = 1, f c = 0.02 Hz, and T zpad = 75 seconds), which greatly increases the data storage requirements if all of the zero pads are to be retained. However, it was found that the GeoNet procedure, which retains a fixed ten seconds of the padded portion of the timeseries, is sufficient for displacement time-series to be satisfactorily recovered from the partially pad-stripped accelerations, even when f c = 0.02 Hz. Therefore, no modifications to this standard GeoNet processing step have been made for the New Zealand Strong Motion Database, and ten seconds of the padded time-series are included in the Volume 2 files.
High-Pass Filtering
For routine strong-motion data processing, GeoNet uses a sinusoidal transition filter, which requires the selection of a transition band for the frequency response function to decay from unity to zero. The frequency response of the high-pass filter is as follows:
where f I and f T are the filter initiation and termination frequencies respectively. All Volume 2 data distributed by GeoNet use a default transition band of 0.10-0.25 Hz for the high-pass filter, which is recommended by Hodder (1983) [76] as a trade-off between retaining useful information and minimising the impulse response of the filter. However, many large magnitude earthquakes in the New Zealand Strong Motion Database have significant low-frequency energy beneath this frequency band e.g. less than 0.10 Hz, which forces the high-pass filter to have a narrower transition band. Figure 14 shows the acceleration, velocity, and displacement impulse response of the sinusoidal transition filter for different transition bands, and compares this with the impulse response of a two-pole, two-pass Butterworth filter. While the sinusoidal transition filter performs well for the 0.10-0.25 Hz band, the duration of the displacement impulse response is much longer for the narrower transition band of 0.01-0.04 Hz. The two-pass, two-pole Butterworth filter has a slightly shorter impulse response than the sinusoidal transition filter. A further advantage of the Butterworth filter is that it is simple to control the shape of the filter, but the sinusoidal transition filter requires interpolation in log space if a preferred logarithmic fall-off rate is to be obtained. For these reasons, the Butterworth filter is adopted for high-pass filtering this collection of New Zealand strong motion data.
Figure 13: (Left) Summary of the standard GeoNet processing procedure (Hodder, 1983), and (right) summary of the New Zealand Strong Motion Database procedure.
The frequency response of an acausal Butterworth filter is expressed by the following equation:
  (5) where n is the order of the filter. Figure 15 plots the frequency response of the Butterworth high-pass filter compared to the sinusoidal transition filter of Hodder (1983) [76] .
Figure 14: (Left) Comparison of the impulse response of a high-pass, sinusoidal filter with a 0.10-0.25 Hz transition band and a two-pass, two-pole, acausal, Butterworth high-pass filter with a corner frequency of 0.25 Hz. (Right) Same as left, but with a sinusoidal transition band of 0.01-0.04 Hz and Butterworth corner frequency of 0.04 Hz.
As noted by Ancheta et al. (2014) [15] , an acausal Butterworth filter significantly reduces Fourier amplitudes at the filter corner (gain of -6 dB), and they suggest the minimum usable frequency for the data is where the frequency response of the filter is -1/2 dB. Adopting this criterion for the two-pass, two-pole acausal Butterworth high-pass filter used for the New Zealand database, the minimum usable frequency is 1.7 times the filter corner.
Separate filter corner frequencies are chosen for the vertical components of recordings in the database, but the same filter corner has been chosen for the two horizontal components, to ensure simple and robust calculation of average horizontal response spectra.
Decimation
Another feature of the standard GeoNet procedure is the decimation of recordings down to 50 Hz, then low-pass filtering in the 24.5-25.5 Hz transition band. The original purpose of the decimation was to reduce the data storage requirements, which was a problem at the time the procedure was developed but is less of an issue in the present day. In many cases, the removal of high-frequency information through decimation or low-pass filtering tends to have little influence on high-frequency pseudo-spectral acceleration values. This is because path and site attenuation usually removes the majority of high-frequency energy [81] , and the amplitudes of high-frequency spectral accelerations are usually controlled by lower-frequency energy. However, Grazier (2012) [82] uses the GeoNet standard processing procedure to show that decimation and over-filtering of highfrequencies can result in the loss of critical information that affects high-frequency pseudo-spectral acceleration (PSA) values, and as a result the peak ground acceleration (PGA) can be erroneously reduced by up to 33%. In light of this work, recordings in the New Zealand Strong Motion Database are no longer decimated, and low-pass filter corners are selected on a record-by-record basis.
Figure 15: Frequency response of the two-pass, two-pole Butterworth high-pass filter with f c = 0.04 Hz, and sinusoidal transition high-pass filters with a transition band between 0.01 and 0.04 Hz.
Low-Pass Filtering
The sinusoidal transition filter of Hodder (1983) [76] is preferred to a Butterworth filter for low-pass filtering. As the New Zealand strong motion waveform database has the dual purpose of providing both acceleration response spectra and Fourier amplitude spectra of acceleration, the objective is to remove high-frequency noise (to prevent adverse effects on high-frequency response spectral accelerations), while distorting the Fourier amplitudes as little as possible. The sinusoidal transition filter, with a transition bandwidth of 1 Hz, causes no observable ringing or rippling in the time and frequency domains of the signal respectively, and allows the usable bandwidth of the Fourier spectrum to extend up to the initiation frequency of the filter. The steeper decay of the sinusoidal transition filter, and the ease at which the maximum usable frequency can be defined, are attractive features of the sinusoidal filter that make it preferable to the Butterworth filter.
Baseline Correction
No baseline corrections are applied in the standard GeoNet processing procedure, with any distortions and offsets of the baseline being removed by the low-pass filtering. This method removes any evidence of permanent ground displacement in the signal, which arises from the fling-step effect. Boore (2001) [83] showed that it is difficult to find a baselinecorrection procedure that can accurately recover the residual displacement, but found that acceleration and displacement response spectra are relatively insensitive to the type of baseline correction for oscillator frequencies less than 0.05 Hz. Figure 16 shows how the processing of signals with fling effects can affect the displacement time-history and acceleration response spectrum, for the DFHS recording from the 2010 Darfield earthquake. While the peak ground displacement (PGD) is a factor of three larger for the baselinecorrected recording than when the baseline offsets are removed by high-pass filtering, there is little influence on the acceleration response spectrum for frequencies greater than 0.04 Hz.
Burks & Baker (2014) [84] further investigated the effect of the signal processing of fling-step ground motions, and showed that the 'collapse capacity' of a nonlinear SDOF (single degree of freedom) system with a fundamental frequency of 0.33 Hz is not significantly affected by the signal processing (i.e. high-pass filtering or baseline correction). This indicates that the dynamic effects of fling may be preserved even if static offsets are removed by filtering. Despite these results, it is still unclear whether the static offsets will affect structures with lower fundamental frequencies than 0.33 Hz e.g. base-isolated structures. In order to provide the most realistic ground-motion time-series possible for future engineering purposes, efforts have been made to preserve static offsets in the New Zealand Strong Motion Database through baseline correction.
Unfortunately, a significant problem with baseline correction is subjectivity. Removing the baseline is effectively applying a high-pass filter to the data, and can be performed using a variety of different schemes, each of which represents a filter with different frequency response characteristics. As the cause of baseline offsets cannot be determined in many circumstances, there is no universally-accepted procedure for baseline correction. For the New Zealand Strong Motion Database, filtering is generally preferred over baselinecorrections, except where filtering results in loss of useful signal information, or leads to unrealistic response characteristics. For example, near-source recordings from the 2010 Darfield earthquake contain significant long-period energy down to 0.01 Hz. Rather than applying a high-pass filter with a corner frequency of 0.01 Hz, which results in large filter transients in the time-domain, the record-specific baseline-correction procedure described in Boore (2001) [83] was applied. While this scheme results in broadly similar permanent displacements to geodetic observations [85] , the residual displacement of the baseline-corrected signal may not always be reliable, as the apparent static offsets may be caused by instrument errors or tilts, rather than by tectonic processes [86] .
Comparison between New Zealand and PEER Processing
The procedure used to process the New Zealand database is slightly different from international processing routines. To compare the New Zealand database processing with that of the Pacific Earthquake Engineering Research (PEER) Center, response spectra from the 2010 Darfield and 2011 Christchurch earthquakes are examined. Recordings from these earthquakes were processed independently for the New Zealand Strong Motion Database and the NGA-West2 database [15] , and therefore a direct comparison can be made between the two procedures. For 111 records from these two events, the ratios of response spectra calculated using the two routines are shown in Figure 17 .
The response spectra calculated by the two different procedures are broadly similar. For 90% of the recordings, the differences in spectral accelerations are mostly within 10%. For a small number of recordings, significantly different choices of high-pass filter corners have resulted in large differences between the processing techniques at low oscillator frequencies. These recordings were identified and re-examined, but the original filter corners chosen for the New Zealand database were retained.
For other recordings, the New Zealand processing gives 15-20% higher spectral accelerations at oscillator frequencies around 10-20 Hz. The recordings with this discrepancy are all rock sites in the New Zealand National Seismograph Network with 50 Hz sampling rates. The PEER procedure uses a Butterworth filter for low-pass filtering, which has a more gradual roll-off than the sinusoidal-transition filter used for the New Zealand database. Rock-site recordings tend to have more high-frequency energy contributing to spectral accelerations at high oscillator frequencies. It is likely that the PEER filter is unintentionally removing some of this highfrequency energy, resulting in lower spectral accelerations. Overall, any differences in spectral accelerations as a result of the different processing procedures are considered minor.
Figure 16: The effect of filtering and baseline correction on the displacement time-histories (left) from the DFHS recording from the 2010 Darfield earthquake, and (right) RotD50 acceleration response spectra. In this case, a simplified baseline correction procedure is used, by removing a straight line fit between the first and last points of the velocity trace.
Figure 17: 5%-damped spectral acceleration ratio (New Zealand processing divided by the PEER NGA-West2 database processing) against oscillator frequency for 111 recordings from the Darfield and Christchurch earthquakes.
VISUAL REVIEWS OF RECORDINGS
Data Screening
For each three-component recording, the acceleration, velocity and displacement time-series and Fourier amplitude spectra of acceleration were visually examined for quality. Records were discarded if there were problems with the waveforms e.g. glitched signals or clipping. Excessively noisy signals were discarded such that the maximum permissible high-pass filter corner was 1 Hz and the minimum permissible low-pass filter initiation frequency was 10 Hz.
Records were also discarded if part of the signal was missing, such that the maximum motions were likely to have been missing. This occurs frequently for older events in the database, particularly where the recording instrument triggered on the S-wave arrival, rather than the P-wave arrival. For these records, the horizontal components were only retained if the largest signal amplitudes were likely to be captured by the remaining S-wave, coda and surface-wave portion of the signal. However, the vertical component was always removed for late-triggered recordings, as the largest signal amplitudes for vertical traces can occur in the vicinity of the P-wave arrival.
In addition, several near-source recordings from the Canterbury earthquake sequence were removed if they were from a site where surface liquefaction was observed (as indicated on the liquefaction maps of [87] ), as liquefaction is not an effect that is typically considered in ground motion modelling. Those interested in examining these data can obtain the records from GeoNet's standard strong motion data repository (ftp.geonet.org.nz/strong/processed/Proc).
In some cases, the vertical trace was discarded due to poor quality, but the horizontal components could be retained. If one of the two horizontal components was deemed to be of poor quality, both horizontal components were discarded. This was to ensure that orientation-independent horizontal spectral accelerations could be calculated for all records in the database. This has resulted in a different number of horizontal response spectra than vertical response spectra in the database (4,148 vs 3,596 respectively).
Selection of High-Pass Filter Corners
To select the high-pass filter corner, first the Fourier amplitude spectra of acceleration (FAS) are plotted for all three components of the signal. To determine where the noise level exceeds the signal at low frequencies, a line that is consistent with increasing proportional to f 2 is plotted through the point corresponding to the maximum of the filtered displacement spectrum. If the low-frequency spectrum is increasing at a shallower rate than this line, it may be an indication that noise is contaminating the earthquake signal at these frequencies. This procedure [88] ensures that the peak spectral displacements of the processed record are not produced by long-period noise, which is indicated by a flat low-frequency portion in the unfiltered Fourier amplitude spectrum of acceleration (e.g. the portion of the spectrum in Figure 18 at frequencies lower than about 0.02 Hz). A low-frequency shape of the FAS of acceleration proportional to f 2 is also consistent with the Brune (1970) model of the far-field source spectrum, for frequencies lower than the corner frequency, f c .
An example of the selection of a high-pass filter corner, f HP , is shown in Figure 18 . Using the chosen filter parameters, the final acceleration, velocity and displacement time-series were then reviewed for problems, such as long-period noise in the displacements, or if the velocities and displacements appear unphysical. Figure 19 compares the unfiltered and filtered acceleration, velocity and displacement time-series for the recording shown in Figure 18 .
Figure 18: Example of high-pass and low-pass filter selection for the WDFS recording from the M w 6.6 Cook Strait earthquake in July 2013, showing the unfiltered
Fourier amplitude spectrum of acceleration. Figure 18 .
Figure 19: Comparison of unfiltered (Volume 1) and filtered (Volume 2) acceleration, velocity and displacement traces for the WDFS recording (S15E component) from the Mw6.6 Cook Strait earthquake in July 2013, using the filter parameters shown in
Time starts at -5 s due to zero-padding of the Volume 1 waveforms.
For a large number of records in the database, the selected high-pass filter corner frequency may be higher than the source corner frequency. Figure 20 shows the chosen filter corners against magnitude, along with the Brune (1970) [89] source corner frequency assuming two alternative values for stress parameter Δσ = 1 and 5 MPa. The latter value is the average stress parameter determined for the Canterbury earthquakes dataset by Oth and Kaiser (2014) [67] . While Akkar and Bommer (2006) [90] recommend discarding recordings with the high-pass filter frequency greater than the source corner frequency, this criterion is difficult to enforce given that the stress parameter is unknown for most events, and varies strongly between events. For this reason, the records have been retained in the database, however researchers using this database should consider how this issue will affect their analysis.
Selection of Low-Pass Filter Parameters
The selection of the low-pass filter parameters tends to be more straight-forward than the high-pass filter. Highfrequency Fourier amplitudes of earthquake signals tend to decay exponentially because of path and site attenuation (modelled by Q and κ 0 respectively), hence it is generally very clear where the exponential decay of the signal amplitudes become flat when the signal decreases beneath the amplitudes of the noise level. The low-pass sinusoidal transition filter requires the selection of an initiation frequency, f I , and a termination frequency, f T . For the New Zealand database, the transition bandwidth was fixed at 1 Hz, following Hodder (1983) [76] . Figure 18 shows an example of how f I is chosen.
Flagging Potentially Problematic Recordings
Recordings with known, strong, source effects, such as directivity or fling steps, have been identified and flagged. There are two reasons for this flag: 1) these records may need to be treated separately in ground-motion prediction equations; and 2) it allows records exhibiting velocity pulses to be easily identified for ground-motion selection in the time-domain analysis of structures. For recordings in the Canterbury earthquake sequence, this flag has already been calculated by Joshi (2013) [91] , using the pulse identification algorithm of Shahi & Baker (2014) [92] in conjunction with manual interpretation of the results. However, for the remainder of the dataset, this has yet to be analysed and hence all other records are flagged as 'neutral directivity'. It is expected that a more complete representation of recordings in New Zealand that exhibit characteristic near-fault effects will become available in the future.
Records with a late trigger have also been flagged. These records have been interpreted to contain the maximum motions that occurred at the site (i.e. the horizontal response spectra are considered valid), but other researchers or practitioners may prefer to exclude these records from their analyses. Brune (1970) source corner frequency assuming stress parameters of 1 and 5 MPa.
Figure 20: The high-pass Butterworth filter corner frequencies that have been selected for horizontal recordings in the database, compared with the theoretical
CALCULATION OF RESPONSE SPECTRAL ORDINATES
Many previous ground motion models adopt the geometric mean spectral acceleration of two horizontal components to represent the average horizontal ground motion intensity, however this measure depends on the as-recorded sensor orientations. The New Zealand Strong Motion Database instead provides orientation-independent RotDnn response spectra [93] , where 'Rot' signifies that the horizontal timeseries are rotated between 0 and 180˚, where for any rotation angle θ and as-recorded horizontal components a 1 (t) and a 2 (t), ROT   (6) the 'nn' denotes the fractile of the spectra (i.e. nn = 50 is the median, and nn = 100 is the maximum) and the 'D' indicates that the rotations are specific to each oscillator period. The New Zealand Strong Motion Database provides RotD50 and RotD100 (i.e. average horizontal and maximum horizontal respectively) acceleration response spectra for 1, 2, 3, 5, 7, 10, 15, 20, 25, 30 and 40% oscillator damping. The response spectra have been calculated by evaluating Duhamel's integral at 22 frequencies between 0.1 and 100 Hz.
The minimum usable frequency of the response spectra is defined as 1.7 times the high-pass filter corner. The maximum usable frequency is more difficult to determine, as the lowpass filter of this study is much steeper than the likely highfrequency shape of the earthquake Fourier spectrum. While Douglas & Boore (2011) [81] find that accurate response spectra can be obtained up to 100 Hz regardless of the lowpass filtering, this largely depends on the characteristics of the recording. For example, a rock recording with a low rate of decay of the high frequencies may still have significant energy at frequencies above the low-pass filter frequency, and this can have a large effect on the high-frequency response spectral ordinates. Akkar et al. (2011) [94] opted to discard records where the filtered spectral acceleration differed by more than 10% from the unfiltered spectral acceleration, however this criterion is difficult to apply to many older recordings in the New Zealand database, which have a Nyquist frequency of 25 Hz. Rather than discarding potentially informative recordings, this study adopts the approach of Ancheta et al. (2014) [15] , where it is assumed that the high-frequency filtering has a negligible effect on the high-frequency spectral accelerations and PGA, and the maximum usable frequency is 100 Hz. The left frame of Figure 21 plots the number of usable pseudospectral acceleration values against oscillator frequency.
Only RotD50 and RotD100 response spectra are provided in the database. For some applications, it may be of research interest to calculate the fault-normal and fault-parallel acceleration response spectra. However, large earthquakes often have complex geometries with ruptures on multiple faults (for example the 2010 Darfield and June 2011 Christchurch earthquakes [60] ), and this complicates the definition of fault-normal and fault-parallel directions. For this reason, these spectra are not provided as part of this database, however interested researchers may calculate response spectra at any desired orientation from the processed time-series.
CALCULATION OF FOURIER SPECTRAL ORDINATES
Fourier amplitude spectra (FAS) of acceleration, calculated from the whole time-series using the Cooley-Tukey Fast Fourier Transform algorithm [95] , are also supplied as part of the New Zealand Strong Motion Database. It is preferable for Fourier amplitudes to be calculated at the same frequency steps for all recordings, and to achieve this, a constant signal duration is necessary. 
Figure 21: (Left) Total number of available horizontal (dark lines) and vertical (light lines) spectral acceleration values at each oscillator frequency, and (right) same as left, but for the number of usable Fourier amplitudes against frequency for horizontal and vertical spectra.
where Y 1 (f) and Y 2 (f) are the Fourier amplitude spectra of the two as-recorded horizontal components, and Y qm is the quadratic mean spectrum. For these spectra, the smoothing is performed on the energy spectral density (square of the FAS). An example of smoothed and unsmoothed Fourier amplitude spectra for a recording in the New Zealand database is shown in Figure 22 . The right frame of Figure 21 shows the number of usable Fourier amplitudes of acceleration against frequency.
Similar to the response spectral database, some researchers may be interested in analysing Fourier amplitude spectra at a given horizontal orientation, or may be interested in analysing the phase spectrum. As processed time-series are distributed as part of the New Zealand Strong Motion Database, Fourier spectra at any rotation angle can be calculated from the orthogonal horizontal time-series.
SCRATCH PLATE DATA
In addition to the response and Fourier spectra, scratch plate data are provided for the 1968 Inangahua and 1987 Edgecumbe earthquakes. As the original records could not be easily located, RotD50 values are not determined. Instead, only geometric mean and RotD100 PGA values are calculated, using the data given in Dowrick & Sritharan (1993) [73] and Cousins et al. (1988) [97] .
ACCELEROGRAMS FOR STRUCTURAL ANALYSES
While there are 4,148 recordings in the strong-motion database, not all of these records are suitable for time-domain analysis of structures. A key consideration for the selection of accelerograms, which is often neglected in practice, is the high-pass filtering. For structures that are sensitive to low frequencies, it is important that the records also contain useful information at low frequencies. It is recommended that only records where the lowest usable frequency is less than or equal to 0.1 Hz (i.e. longest usable period greater than or equal to 10 s) should be used in time-domain structural analysis. Additionally, only records of sufficient duration to capture all significant body and surface wavetrains should be used. Should engineers wish to use New Zealand records for their structural analysis, the online webpage includes a list of 598 accelerograms in the database that are considered usable for structural analyses. All of these records, with the recordspecific processing applied, are available from http://info.geonet.org.nz/x/TQAdAQ. This is not considered a complete list of records that may be required for structural analysis, and for large magnitude (particularly scenarios representing Hikurangi subduction, Alpine Fault and Wellington Fault events, among others), accelerograms will need to be gathered from overseas catalogues.
CONCLUSION
This study has compiled strict and consistent source and path metadata from strong New Zealand earthquakes. This information is combined with waveform information and site metadata [1] into a publicly-available database. This database can be considered a source of high-quality New Zealand earthquake data, which can be used in seismic hazard and risk studies. In particular, it is anticipated that this database will have a key role in testing the applicability of overseas strongmotion seismology research to New Zealand tectonic environment (e.g. [98] ).
The standard GeoNet strong-motion processing procedure has been modified for the New Zealand Strong Motion Database. While the GeoNet procedure performs well for most recordings in the database, the modifications have been made to ensure every recording is the best possible representation of the earthquake ground-motion. In particular, the updated processing provides more realistic waveforms for the largemagnitude, short-distance recordings that are of great engineering interest.
There has been a strong focus on making the database useful for a number of different applications. In particular, a subset of the provided time-series provided may be used as input for time-domain analysis of structures, the horizontal and vertical response spectral data may be used for ground motion model development, ground-motion simulation validation or other engineering seismology research, and the Fourier spectra may be used in a variety of earthquake seismology studies. It is intended to keep this database reasonably up-to-date as large events continue to be recorded around the country. In the future, our intention is to further update the database with additional events and recordings as the relevant data become available, as well as adding new variables where possible.
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Figure 22: An example of a smoothed Fourier amplitude spectrum of acceleration for the CACS recording from the 13 June 2011 M6 Christchurch earthquake, compared to unsmoothed Volume 1 and Volume 2 Fourier spectra. 'f HP ' corresponds to the high-pass filter corner, and dashed vertical lines represent the usable frequency range of the Fourier spectrum (lower limit corresponding to 1.7 times the high-pass filter corner, upper limit corresponding to initiation frequency of low-pass filter).
